Autoantibodies against interferon-gamma (IFN-γ) can cause immunodeficiency and are associated with various opportunistic infections. In the present study, we investigated other cellular immune parameters for a better understanding of the immunodeficiency condition in the patients. The numbers of WBC, monocytes and NK cells were increased in patients with anti-IFN-γ autoantibodies (AAbs). Upon TCR activation, T cell proliferation and IL-2 receptor of the patients remained intact. Nonetheless, the Th1 cytokine (IFN-γ and TNF-α) production was up-regulated. The production of Th2 (IL-4) and Th17 (IL-17) cytokines was unchanged. We suggest that, in addition to the presence of anti-IFN-γ autoantibodies, alterations in the cellular immune functions may also contribute to this immunodeficiency.
Introduction
Immune system plays an important role in the eradication of infectious diseases and cancers. Immunodeficiency, caused by either genetic defects or infections, leads to an increased predisposition to infections and malignancy. In recent years, autoantibodies (AAbs) against cytokines in humans have been reported [1] [2] [3] [4] [5] [6] [7] . These anti-cytokine AAbs can neutralize host cytokines and disrupt the immune function causing pathogenesis and immunodeficiency. Anti-granulocyte macrophage colony stimulating factor (GM-CSF) AAbs can cause pulmonary alveolar proteinosis (PAP) [8] . Anti-IL-1α, IL-12 and TNF-α AAbs can be found in SLE patients [9] . The presence of anti-IL-17 or anti-IL-22 AAbs in patients was associated with chronic mucocutaneous candidiasis [6, 10] . Moreover, anti-IFN-γ AAbs was shown to be associated with immunodeficiency [1-5, 11, 12] .
IFN-γ is a critical cytokine involved in immune responses and is produced by various cells, including natural killer (NK) cells, natural killer T (NKT) cells, CD4
+ T helper 1 (Th1) cells, and CD8 + T cells [13] [14] [15] [16] [17] . Depletion of IFN-γ production is associated with abnormalities of both the innate and adaptive immune responses and, therefore, increases the susceptibility to infection, particularly intracellular microbes [18] [19] [20] . During the last decade, immunodeficiency due to anti-IFN-γ AAbs has been described [1-4, 11, 12, 21] . Autoantibodies against IFN-γ have been reported to exist in the serum of these patients [1-4, 11, 21] . The anti-IFN-γ AAbs titer was significantly higher among the patients with active opportunistic infections compared to those without opportunistic infections [1, 4] . Interferon receptor 1 expression on patients' lymphocytes, however, was fundamentally normal [1] . The anti-IFN-γ AAbs was shown to neutralize IFN-γ activity in the body and lead to immunodeficiency [1] . The mechanism initiating the production of anti-IFN-γ AAbs, however, remains unknown. Severe or disseminated non-tuberculous mycobacteria and other opportunistic infections are regularly observed in patients with anti-IFN-γ AAb [1-4, 11, 21] . In addition to the presence of anti-IFN-γ AAbs, we raise the question whether other immune-abnormalities also contribute to the immunodeficiency in these patients. To address this question, in this study, the numbers of phagocytes and lymphocyte sub-population involved in the immune responses, such as T cells sub-populations, B cells, NK cells, and NKT cells were determined. Additionally, T cell activation and function were investigated. The results obtained may lead to a better understanding of the immunodeficiency condition of the patients.
Materials and Methods

Study population
Patients with immunodeficiency and anti-IFN-γ AAbs were diagnosed at Maharaj Nakorn Chiang Mai Hospital, Chiang Mai University. All patients were anti-IFN-γ AAbs positive and HIV negative. Healthy normal subjects were included as a control group. All the healthy subjects were anti-IFN-γ AAbs negative. The determination of anti-IFN-γ AAbs in plasma or sera was carried out using an indirect ELISA, as previously reported [4, 12] .
In this study, 36 patients (18 female and 18 male) with anti-IFN-γ AAbs were enrolled and their average age was 54 years old (range: 37 to 77). Ten healthy subjects (8 female and 2 male) were also recruited and their average age was 26 years old (range: 23 to 32).
The study was approved by the ethics committees of the Faculty of Medicine and the Research Institute for Health Sciences at Chiang Mai University. Written informed consent was obtained for each subject prior to enrollment.
Leukocyte distribution analysis
Blood samples were collected from subjects in tubes containing acid citrate dextrose as the anti-coagulant. Leukocyte distributions in the patients with anti-IFN-γ AAbs and the healthy subjects were determined by flow cytometry in combination with complete blood count (CBC) data. Lymphocyte sub-populations were determined by the lysed whole blood staining method, using the following antibodies: (i) PerCP conjugated anti-CD45, PE conjugated anti-CD4, and FITC conjugated anti-CD3 monoclonal antibodies (mAbs) (BD Biosciences, San Jose, CA, USA) were used for the enumeration of CD4 + T lymphocytes; (ii) PerCP conjugated anti-CD45, PE conjugated anti-CD8, and FITC conjugated anti-CD3 mAbs (BD Biosciences) were used for the enumeration of CD8 + T lymphocytes; (iii) PerCP conjugated anti-CD45, PE conjugated anti-CD56, and anti-CD16 mAbs were used for the enumeration of NK cells; (iv) FITC conjugated anti-CD3 mAb was used in combination with PerCP conjugated anti-CD45, PE conjugated anti-CD56, and anti-CD16 mAbs for counting NKT cells; (v) FITC conjugated anti-CD45, PE conjugated anti-CD14 (BD Biosciences), and PerCP conjugated anti-CD19 mAbs (BioLegend, San Diego, CA, USA) were used for the enumeration of CD19 + B lymphocytes.
For the staining method, 50 μL of whole blood was stained with 10 μL of the appropriate combination of mAbs for 30 min at room temperature. The red blood cells were then lysed using FACS lysing solution (BD Biosciences). The cells were then washed twice with a washing reagent (1% fetal bovine serum [FBS] , 0.02% NaN 3 in phosphate buffered saline [PBS] ) and analyzed using a FACSort flow cytometer (BD Biosciences). For flow cytometric analysis, the lymphocyte population was gated using CD45 expression and side scatter signals. The cell subpopulations were then determined according to their surface markers expression.
CFSE-based proliferation assay
Peripheral blood mononuclear cells (PBMCs) were separated from blood by gradient centrifugation over Ficoll-Hypaque solution (GE Healthcare Life Sciences, Pittsburgh, PA, USA). PBMCs (1×10 7 cells/mL) were incubated with carboxyfluorescein succinimidyl ester (CFSE;
Invitrogen/Molecular Probes, Eugene, OR, USA) at a final concentration of 0.5 μM for 10 min at 37°C. The cells were then washed with 10% FBS in RPMI two times in order to remove any excessive CFSE. The CFSE-labeled PBMCs (5×10 5 cells/mL) were stimulated with or without immobilized anti-CD3 mAb clone OKT3 (Ortho Pharmaceuticals, Raritan, NJ, USA) (60 ng/ mL) for 3 days in a 5% CO 2 incubator at 37°C. The cells were harvested and investigated for cell proliferation by monitoring the reduction in CFSE using FACSort flow cytometer (BD Biosciences).
CD25 (Interleukin-2 receptor) determination
PBMCs were activated with or without anti-CD3 mAb OKT3 (Ortho Pharmaceuticals), as was described above. On the third day of cultivation, the cells were harvested and stained for CD25 expression using FITC-conjugated anti-CD25 mAb (Beckman Coulter, Marseille, France). The expression of CD25 in lymphocytes was assessed by FACSort flow cytometer (BD Biosciences).
Intracellular cytokine staining
To determine the cytokine production of T cells, PBMCs were activated using 10 ng/mL phorbolmyristate acetate (PMA; Sigma-Aldrich, MO, USA) and 1μg/mL ionomycin (SigmaAldrich) in the presence of 5 μg/mL Brefeldin A (Sigma-Aldrich) for 6 h. The cells were then harvested, washed once with washing reagent (1% FBS, 0.02% NaN 3 in PBS), and stained with PerCP conjugated anti-CD3 mAb for 30 min at 4°C. The stained cells were fixed using 200 μL fixation buffer (4% paraformaldehyde in PBS) for 20 min at RT. The fixed cells were then washed twice with PBS and once with permeabilization buffer (5% FBS, 0.1% saponin, 0.02% NaN 3 in PBS), and then incubated for 15 min at room temperature. The intracellular cytokine was stained with PE conjugated anti-IFN-γ, anti-IL-4, anti-IL-17A, or anti-TNF-α mAb for 30 min at 4°C. After that, the stained cells were washed with permeabilization buffer and re-suspended in staining buffer, following which the cells were subjected to flow cytometer (FACSort, BD Biosciences) and analyzed with the FlowJo software (Tree Star, Inc. Ashland, USA). All the PE conjugated anti-cytokine mAbs were purchased from BioLegend (San Diego, CA, USA).
For the flow cytometric analysis, the T cells were gated according to the expression of the PerCP conjugated anti-CD3 mAb. The gated CD3 + T cells were further assessed for intracellular cytokine-producing cells by monitoring the PE-positive cells.
Statistical analysis
The significance of the difference between the compared populations was analyzed by using the Mann-Whitney U test. A p value less than 0.05 was considered significant.
Results
Leukocyte distribution in patients with anti-IFN-γ AAbs
Peripheral blood leukocyte distribution was compared between the patients with anti-IFN-γ AAbs and healthy subjects. The total number of white blood cells was significantly higher in the patients with anti-IFN-γ AAbs than the healthy subjects (Table 1 ). In addition, the monocyte count was also found to be higher in the patients with anti-IFN-γ AAbs patients (Table 1) . However, there was no difference in the absolute lymphocyte counts between tested groups ( Table 1) . The lymphocyte sub-populations were also determined by staining with specific set of mAbs. By flow cytometric analysis, lymphocytes were gated according to the CD45 expression and their size and the percentages of lymphocyte sub-populations were determined. We found that the total numbers of the CD3 + , CD4 + , CD8 + T and CD19 + B cells were not significantly changed ( Table 1 ). The NK (CD3 -CD56 + ) cell population was increased in the patients with anti-IFN-γ AAbs.
T cell proliferation and CD25 expression of the patients with anti-IFN-γ AAbs
The ability of T cells activation in the patients with anti-IFN-γ AAbs was investigated using the CFSE based proliferation assay. Upon CD3 stimulation, the percentage of divided cells was not significantly different between patients with anti-IFN-γ AAbs and the healthy subjects (S1 Fig). We also investigated the expression of CD25 (IL-2 receptor) of the CD3-activated lymphocytes. The lymphocytes were gated and assessed for the expression of CD25 using FITC-conju- 
Cytokine production of T cells of the patients with anti-IFN-γ AAbs
In order to assess the function of T cells in the patients with anti-IFN-γ AAbs, we determined the production of various intracellular cytokines upon T cell activation. After PMA and ionomycin stimulation, the Th1 cytokine production, including IFN-γ and TNF-α, were significantly up-regulated in the patients with anti-IFN-γ AAbs in comparison with the healthy subjects ( Fig 1A) . However, the Th2 and the Th17 cytokines, IL-4 and IL-17, in the patients were not statistically significantly different from the healthy subjects (Fig 1B) .
Stimulation of T cells by anti-CD3 mAb was performed. The IFN-γ production in the patients with anti-IFN-γ AAbs was significantly up-regulated compared to the heathy subjects (Fig 2) . Our results simply reflect an alteration of the cell-mediated immune response in patients with anti-IFN-γ AAbs.
Discussion
The presence of anti-IFN-γ autoantibodies has been demonstrated to be strongly associated with immunodeficiency syndrome in adults, leading to various opportunistic infections [1-4, 11, 21] . Several studies have proposed that the immunodeficiency involves the neutralization of IFN-γ activity by the autoantibody [1-4, 11, 21] . We investigated other immune parameters which may also contribute to this immunodeficiency.
Increasing numbers of white blood cells and phagocytes in the general circulation is used as a marker of infection. A trend towards higher numbers of white blood cells and phagocytes was observed in patients with anti-IFN-γ AAbs. These results correlate with the C-reactive protein (CRP) level in patients' sera. In this study, 48% of the enrolled patients have higher CRP level from the normal range. In the patients with and without active opportunistic infection during the past 30 days, 75% and 38% had higher CRP level from the normal range, respectively. The increased CRP and WBC levels indicate the presence of inflammation in these patients. This indicates that the immunodeficiency symptom and repeat infection in patients with autoantibodies against IFN-γ is not due to panleukopenia or a reduction in the number of phagocytes. The NK cell population also increased in the patients, indicating an alteration in the NK cells in patients with and without active opportunistic infection during the past 30 days (data not shown). The chronic and repeating opportunistic infections occurring in patients with anti-IFN-γ AAbs may activate and cause an increase in the number of NK cells. Incidentally, as IFN-γ is considered the prototypic NK cell cytokine, the diminished activity of IFN-γ due to the neutralizing anti-IFN-γ AAbs in the patients may induce a compensatory effect by increasing the NK cell number.
Cell-mediated immunity (CMI) plays a central role in the eradication of infectious diseases [20, 22, 23] . This type of immunity is dependent on the recognition of antigen by TCR expressed on the T cell surface and their subsequent destruction of cells bearing the antigen, or on the secretion of lymphokines that enhance the ability of phagocytes to eliminate the invaded microbes, particularly intracellular microbes [23] . Patients with anti-IFN-γ AAbs have been reported to be susceptible to various types of intracellular infections, for example, disseminated non-tuberculous mycobacterial infection, disseminated penicilliosis marneffei, non-typhoidal Salmonella bacteremia, cytococcosis, histoplasmosis, and disseminated herpes zoster, with a relative high mortality rate [1-4, 11, 21] . Autoantibody to IFN-γ was proposed to be the cause of CMI immunodeficiency. We speculate that, besides the presence of the anti-IFN-γ antibody, T cell responses may be dysfunctional in these patients. The activation of TCR on T cells was carried out using anti-CD3 mAb. Upon TCR activation, the T cell proliferation and the CD25 (IL-2 receptor) expression of the patients with anti-IFN-γ AAbs remained intact. The results indicate that at least part of the signal transduction subsequence of TCR triggering was still intact. As cytokines produced by T cells are the crucial mediators for cell-mediated immunity [23] , we further determined the T helper (Th) cell cytokines after T cell activation. Surprisingly, after PMA and ionomycin stimulation, the Th1 cytokine production, including the production of IFN-γ, and TNF-α, were up-regulated in patients with anti-IFN-γ AAbs, in comparison with the healthy subjects. Our results were not in agreement with a previous report which observed a reduction in the production of TNF-α and IL-2 [12] . Compared to this previous report [12] , in our study, PMA and ionomycin were used as stimulators, instead of PHA. PHA and PMA/ ionomycin act on cells in a different manner. By using PHA activation, the signals could be coming from any glycosylated surface molecule. In contrast, PMA directly activates protein kinase C (PKC) omitting the requirement of surface receptor stimulation. Ionomycin, a calcium ionophor, is able to trigger calcium release which is required for NFAT signaling. The PMA/ionophor activation is, therefore, closer to the physiological condition for T cell activation [24] . In this study, although enhancement of IFN-γ and TNF-α production was observed in the patients, the production of Th2 (IL4) and Th17 (IL-17) cytokines were at the same level as healthy controls. To confirm whether enhancement of Th1 cytokines occurred under physiological conditions, activation of TCR by anti-CD3 mAb was performed. Up-regulation of IFN-γ production in the patients with anti-IFN-γ AAbs was observed. Our results indicate an alteration in cell-mediated immune response in the patients with anti-IFN-γ AAbs.
In this study, the patients enrolled seem to be older than the healthy subjects. Reduction of T proliferation, IL-2 production and IL-2 receptor expression have been reported in the elderly [25] [26] [27] . However, the age of affect was observed in patients with an average at 65 or older [26] [27] [28] , which was much older than our patient group. In addition, we found no statistically significant difference between patients and healthy subjects in T cell proliferation and the expression of CD25 (IL-2 receptor) as shown in S1 and S2 Figs. The observed increase of IFN-γ and TNF-α production in T cells may be related to an alteration of the Th1/Th2 balance in patients with anti-IFN-γ AAbs. The mechanism of the up-regulation of IFN-γ and TNF-α in the patients is, however, unclear. We speculate that T cells of the patients have already committed to be Th1 cells. The imbalance of Th1 and Th2 cytokine has been reported in some autoimmune diseases. Th1 dominant was observed in autoimmune disease such as multiple sclerosis (MS), inflammatory bowel diseases (IBD), Rheumatoid Arthritis (RA) and Hashimoto's Thyroiditis [29] . These autoimmune diseases have high levels of IFN-γ and uncontrolled inflammation and infection [30, 31] . Based on our findings, we proposed that there may be a defect in the regulatory function of the immune system resulting in an error to control the Th1 and Th2 balance in patients with anti-IFN-γ AAbs. Excessive Th1 cytokines, i.e. IFN-γ, have been reported to induce autoimmune disease [30, 31] . We hypothesize that the over production of Th1 cytokines observed in these patients may alter the controlling of auto-reactive B cells results in the production of anti-IFN-γ AAbs. The overwhelmed Th1 activation and the enhanced Th1 cytokine production in these patients may also be due to a compensation mechanism in which the ability of IFN-γ was neutralized by the autoantibodies. It is also possible that activation of T cells in vivo following chronic antigenic stimulation may also have occurred and may need to be taken into consideration.
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